There is now an emerging sense of the scope and nature of response that can be implemented at building and neighbourhood scales to help adapt cities and urban areas to the changing climate. In comparison, the role of larger natural and semi-natural landscapes that surround and permeate cities is less well understood. Addressing this knowledge gap, this paper outlines two case studies that describe and map the flood risk management functions offered by green infrastructure landscapes situated within the Urban Mersey Basin in North West England. The case studies establish that areas potentially exposed to flooding can be located at some distance, and within different jurisdictions, from upstream areas where the flood hazard may be generated and could be moderated via functions provided by green infrastructure landscapes. This raises planning and governance challenges connected to supporting and enhancing flood risk management functions provide by green infrastructure landscapes. Whilst cities and urban areas are centres of political and economic power, it is now understood that their form and function intensifies climate change impacts. Urban development and expansion results in hard surfacing and the loss of woodlands and agricultural areas, for example. This can exacerbate weather and climate hazards (Gill et al 2007) . Coupled with projected increases in temperature and rainfall intensity due to climate change, there is the potential for increasing exposure of receptors in urban areas, including people, buildings and infrastructure, to hazards including heat wave and flood events. As a result, adaptation strategies and actions are needed to maintain quality of life and economic prosperity in urban areas as the climate changes.
Climate change adaptation measures should be developed at multiple interconnected spatial scales, including building, neighbourhood and conurbation scales (Shaw et al 2007) . A spatially tiered adaptation approach involves complementary measures being developed at different spatial scales. Attention is often paid to adaptation at local scales, including at the level of individual buildings and developments, which is understandable given that this is where climate change impacts are often experienced. However, cities and urban areas are characterised by high levels of complexity and connectivity of their constituent land uses and infrastructures, which influences both the generation of and response to extreme weather and climate change impacts. To progress a systemic approach to climate change adaptation that recognises these features of urban systems, it is necessary to look beyond the local scale. This will involve considering the role of larger natural and semi-natural landscapes situated within and around cities and urban areas. This importance of taking a broader spatial approach is acknowledged by the European Environment Agency regarding one key hazard that provides the focus of this paper, flooding; "Flood risks in a city can be strongly influenced by factors outside the city boundaries such as upstream river management. It requires a regional approach for solving the urban flood problems" (EEA 2012, 35) . This paper focuses on green infrastructure. According to the European Commission (2013: 7) green infrastructure can be defined as, "…a strategically planned network of high quality natural and semi-natural areas with other environmental features, which is designed and managed to deliver a wide range of ecosystem services and protect biodiversity in both rural and urban settings." The UK Green Building Council (2015: 3) notes that green infrastructure features range in scale, "…from individual street trees, green roofs and private gardens through to parks, rivers and woodlands, transport corridors, verges and, at the larger scale, wetlands, forests and agricultural land." Green infrastructure is therefore multi-scalar. Also, green infrastructure is recognised as having the potential to play an important element in The focus of this paper is on green infrastructure at the landscape scale, which encompasses sometimes interconnected areas of land lying within and around cities and urban areas. At the landscape scale, green infrastructure encompasses various land uses including forests, woodlands, moorlands, agricultural land, urban green spaces such as parks, rivers and lakes.
Although green infrastructure landscapes have the potential to contribute to climate change adaptation and flood risk management goals, their large scale, cross-boundary nature and the multiple sectors and stakeholders potentially involved in their ownership and management, presents notable planning and governance challenges. • To raise awareness of the flood risk management functions provided by green infrastrucutre landscapes and to describe and map these functions within the two case study areas.
• To explore the role of green infrastructure landscapes in adapting cities to flooding under future climate change conditions, drawing on modelling work undertaken within the case studies.
• To use the case study findings as a platform to highlight planning and govenance challenges related to progressing this agenda.
The paper continues with a literature review focusing on the climate change adaptation role of green infrastructure landscapes, particularly concerning flood risk management. This is followed by a description of the research methodologies applied within the case studies reported in this paper. Two case studies based on the Urban Mersey Basin in North West England are then presented. The case studies present spatial analysis outputs that examine the flood risk management functions of green infrastructure landscapes in the Urban Mersey Basin, both in the present day and under future climate change conditions. The paper concludes with a discussion of planning and governance challenges connected to enhancing the role of landscape scale green infrastructure as an element of flood risk management strategies. Green infrastructure has the potential to deliver numerous other social, economic and environmental benefits (Forest Research 2010) ; it is a multifunctional response (Hansen and Pauleit 2014) .
Adaptation to climate change should, in principle, operate at multiple interconnected spatial scales reflecting the biophysical and socio-economic systems and processes that generate climate change impacts. Although there is an emerging body of knowledge and experience of building and neighbourhood scale adaptation approaches, research, policy and practice linked to larger landscape scale climate change adaptation appear to be relatively unevolved. This gap in knowledge and experience makes the development of multi-scalar adaptation strategies that integrate landscape scale initiatives alongside more localised approaches a challenging prospect. There are examples of landscape scale adaptation, however. They including a practical assessment of the potential for the application of adaptation concepts at the landscape scale in the Sierra and Stanislaus National Forests in California (Aplet and Gallo 2012), a policy review to support biodiversity adaptation strategies at the landscape scale (Land Use Consultants 2011), and the development of a decision making framework to that although land use management practices can enhance runoff locally, there is less evidence that this leads to wider downstream impacts at a catchment scale, although they do acknowledge that this effect may nevertheless still be taking place yet has not been recorded.
Research methodology
A research methodology was developed to increase understanding of the potential role of green infrastructure landscapes to the management of urban flood risk under a changing climate. The research focused on exploring three related issues within two case studies: intervention catchment refers to the watershed around the focus area. The intervention catchment represents the area where runoff is generated, and therefore where approaches could be implemented to reduce runoff volumes reaching watercourses to lessen flood risk at the downstream focus area. The case study intervention catchments were calculated using the Ordnance Survey's Land-Form Panorama digital terrain model and hydrological modelling tools. The hydrological modelling was carried out in Esri ArcGIS. The process was as follows:
• The Fill tool was applied to the Land-Form Panorama surface to remove any sinks.
• The Flow Direction tool was applied to the result.
• The Watershed tool was used, with the flow direction raster, to calculate the intervention catchment above the focus area. 
Flow reduction via surface roughness:
The basis of this function is slowing the progress of rainwater, once it is flowing across the ground, towards watercourses.
Green infrastructure with high levels of ground surface roughness, such as seminatural grasslands, heathlands, moorlands, scrublands, wetlands, woodlands and some Otherwise, the method followed that used for the 3MG case.
Composite maps were produced to visualise the number of flood risk management functions provided by green infrastructure landscapes contained within the two case study intervention catchments. Once the maps had been produced, spatial analysis of the flood risk functions provided by green infrastructure was undertaken using Geographical Information Systems (GIS) methods in order to establish their distribution according to the administrative boundaries covering the case study areas and their surrounding hinterland areas. A spatial intersection between the administrative boundaries and the green infrastructure maps was used to perform this task. This enabled an assessment to be undertaken of the spatial relationships existing between green infrastructure landscapes within the intervention catchments that provide green infrastructure functions, the focus areas that could potentially benefit from these functions, and the administrative boundaries of public sector organisations that have a role to play in managing flood risk, and land use change, within the case study areas. Within the case studies, runoff data was produced for rainfall occurring on the 99 th percentile winter day, which represents the average wettest day during the winter months. This rainfall event is included as a default setting with the STAR Tools, and was selected for this purpose because it provides an indication of volumes of water that could be expected during an extreme rainfall event, where the risk of associated flooding is higher. For the assessment of future flood risk, the UK Climate Projections 2050s high greenhouse gas emissions scenario was used 2 . The high emissions scenario is the default setting for the STAR Tools, and reflects the high emissions pathway that the world has been on over recent decades. Projections are probabilistic, and provide a measure of the strength of the evidence that underpins a particular climate change projection. For this research the 50% probability level, which is viewed as the central estimate, was selected as this represents the most likely outcome based on current evidence and modelling methods. The aim of this third element of the case study research was to provide an insight into how change in green infrastructure cover could influence runoff volumes under a changing climate. The STAR Tools were used to determine runoff volumes arising from the rainfall event outlined above for two contrasting future land cover scenarios, which reflected a 10% increase and 10% decrease in green infrastructure cover (from current levels) across the intervention catchments. The 10%
figure was selected as this formed the basis of previous research in this field (Gill et al 2007) , in addition to being a change in cover that could feasibly occur in an urbanised area such as the Urban Mersey Basin, via development pressure or restoration strategies, over the period to 2050. In some areas, where the green infrastructure or built cover was already greater than 90% or less than 10%, it was not possible to change land cover by the entire 10% and in these cases the maximum change in cover (up to 10%) was applied. The second case study is focused around the Mersey Multi Modal Gateway (or 3MG) in the Liverpool city region (see Figure 1 ). 3MG is a global logistics hub with connections to major road, rail, air and port infrastructure. It is a key element of Northwest England's economic infrastructure. Further expansion of the site is planned including enhanced rail connections and the development of warehouse and office space. Long term plans are for the 3MG site to [ Figure 1 near here]
Results: the Urban Mersey Basin case studies
For each case study area, the flood risk management functions provided by green infrastructure landscapes are explored and the relationship between these green infrastructure landscapes and urban administrative boundaries are assessed. Finally, the implications of changes to the area covered by green infrastructure landscapes for future rainwater runoff levels are considered.
Flood risk management functions provided by green infrastructure landscapes
The first empirical element of the case studies concerned analysing the spatial distribution of green infrastructure according to the number of flood risk management functions that it offers (from the list of five functions outlined in section 3). The second element of the case study involved the analysis of spatial relationships between green infrastructure landscapes providing flood risk management functions and existing administrative boundaries. Local authority and city-region boundaries were considered to reflect the spatial footprint of the public sector bodies with responsibilities over, and the potential to influence, development and land use change in the case study areas. Table 1 indicates that around one third of green infrastructure providing flood risk management functions within the Lower Irwell Valley intervention catchment lies beyond the Greater Manchester city region boundary. Looking at the functions separately, over half of the green infrastructure performing inaccessible water storage and flow reduction functions is located beyond the Greater Manchester city region boundary. This analysis was also performed for the 3MG case study, but only at the local authority scale as the intervention catchment falls entirely within the Liverpool City Region boundary. This established that the majority of high functioning green infrastructure sits outside of the local authority that houses the 3MG focus area, Halton (see Table 3 ). Whilst a neighbouring authority, St Helens, contains only 5.9% of the total green infrastructure in the intervention catchment, it accounts for 65.1% of the total green infrastructure providing water infiltration functionality. This relatively small piece of land therefore plays an important role in managing flood risk to the 3MG site. It is apparent in this case, and also within the Lower Irwell Valley case study, that the focus area at risk of flooding benefits from green infrastructure landscapes situated in areas that lie beyond the administrative boundaries, and therefore direct area of influence, of the local authority within which it sits.
[ Table 3 near here]
Implications of changes to the area covered by green infrastructure landscapes on future rainwater runoff levels
Given the flood risk management functions offered by green infrastructure landscapes, changing the surface area of green cover could have potentially significant downstream flooding implications. This was tested within the case study areas using the STAR Tools. case. This can be explained by differences between the two intervention catchments in terms of precipitation projections, land cover characteristics and soil types (which are the inputs to the runoff model). Further, it is also evident that in both cases, due to the increase in precipitation that is a feature of climate change projections for this area, raising green infrastructure surface cover by 10% does not bring runoff volumes back to the baseline level.
This highlights that increasing green infrastructure surface cover surface area will only be part of the solution for reducing flood risk in these locations.
[ Table 4 near here]
[ These issues each raise themes related to planning and governing green infrastructure landscapes to aid the achievement of flood risk management goals. Governance has been defined as, "the processes through which public and private resources are coordinated in the pursuit of collective interests" (Pierre 2011, 20) . In the context of this paper, the resource is green infrastructure landscapes and the reduction of flood risk is the collective interest that is being pursued. Within the climate change field, developing appropriate and effective governance approaches is seen as central to building the capacity of urban areas to develop responses to adapt to the changing climate (Adger and Vincent 2005; Bulkeley 2010; Brooks et al 2005) . It is also acknowledged that adaptation is a multilevel governance challenge due to the range of sectors and integrated spatial scales that the agenda encompasses (Amundsen et al 2010, Bauer and Stenuer 2014) .
The Urban Mersey Basin case studies highlight that supporting and enhancing the flood risk management functions of landscape scale green infrastructure requires planning processes and governance structures that cross administrative boundaries. In addition, these processes and structures should reflect the large spatial scales over which green infrastructure landscapes exist and related natural processes operate, for example linked to river catchment hydrology. However, planning processes and governance structures that acknowledge and respond to these characteristics of green infrastructure landscapes are not always in place for (2006) note that "scale mismatches" exist between institutional management frameworks and ecological patterns and processes. They suggest that these mismatches are particularly evident in urban areas, and act to reduce the capacity of green spaces to provide ecological services. Similarly, Cumming et al (2012) note that scale mismatches of this type can; "…reduce system resilience and force the system towards undesirable states."
Other potential challenges to enhancing and expanding green infrastructure landscapes include fragmented patterns of land ownership and the constraints this places on the development of coordinated approaches over larger areas. Also, mechanisms are needed to incentivise land owners to play a role in utilising their green infrastructure landscapes to support the achievement of downstream flood risk reduction goals. The payment for ecosystem services approach is starting to be used in this way in some areas. The UK government's Department for Environment Food and Rural Affairs describe payment for ecosystem services as, "schemes in which the beneficiaries, or users, of ecosystem services provide payment to the stewards, or providers, of ecosystem services" (Defra 2013, 13) . A relevant example is the implementation of land management and woodland creation schemes to reduce flood risk in Pickering (North Yorkshire, UK) (Nisbet et al 2011).
Conclusion
Although the specific case study locations referred to in this paper will be unfamiliar to many, this research has demonstrated that green infrastructure landscapes provide valuable flood risk management functions, both in the present day and in the context of adapting to the Here, flooding is already a major problem and climate change is projected to raise winter rainfall volumes and increase the incidence of extreme downpours across the year, intensifying the risk of future flooding. Given that many cities and urban areas across the world are also facing interacting pressures linked to urbanisation and climate change, this paper also has a useful broader function in raising awareness of, and building the evidence base concerning, the protection and enhancement of landscape scale green infrastructure for flood risk management. It also demonstrates methods that can be applied to develop an understanding of these issues in other areas.
In mapping flood risk management functions linked to green infrastructure landscapes, the case studies were also able to establish that that these landscapes may be located at a considerable distance from downstream sites potentially exposed to flood hazards, and may often be within different jurisdictions. This raises particular planning and governance challenges. Notably, planning processes and governance structures should recognise the spatial characteristics of green infrastructure landscapes, particularly their large scale and cross boundary nature, and also facilitate collaboration between actors across administrative boundaries. Spatial plans, which manage the development and use of land, and river basin management plans produced under the European Water Framework Directive primarily to improve water quality, provide examples of planning processes that could in principle have a role to play in this context. Ultimately, developing synergies between natural systems and administrative units is necessary in order to adapt urban areas to the changing climate, and further research is needed to establish the extent to which this could be realised in practice and how it could be further encouraged.
Although this paper has focused at the landscape scale, it is important to emphasise that flood risk management, and adaptation to climate change more generally, requires multi-scalar and multi-sectoral approaches. A systems perspective is needed with green infrastructure landscapes positioned as part of a suite of responses that integrate across spatial scales encompassing landscapes, watersheds and river valleys down to individual streets and buildings. Increasing the coverage and quality of green infrastructure landscapes will only ever be one of a diverse range of spatially tiered approaches to reduce flood risk, although it does appear that this particular measure receives relatively little attention within policy, practice and research at present. The case studies presented within this paper go some way to address this knowledge gap, yet they only looked at two locations and one climate change adaptation function of green infrastructure landscapes, flood risk management.
Complementary research looking at green infrastructure landscapes in different locations, concerning additional adaptation functions, such as food production, cool air transfer and biodiversity conservation, and also climate change hazards including heat stress would be a useful next step. However, the reality remains that progressing climate change adaptation strategies at the landscape scale is demanding. This is particularly the case where activities relate to spaces that cross administrative boundaries, and are designed to deliver benefits to sites in different administrative areas from where the activities are implemented. Networks of responsible organisations and agencies should be encouraged to develop planning processes and governance structures that more fully reflect the scope and scale of the urban climate change adaptation challenge and the green infrastructure landscapes that can play a part in the response. 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 • Land Use Consultants. 2011. Developing Adaptive Landscapes: Helping biodiversity adapt to climate change. London: Land Use Consultants.
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